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Atomic Specific Heats between the Boiling Points of Liquid 
Nitrogen and Hydrogen. I. — The Memi Atomic Specific 
Heats at 50^ Absolute of the Elements a Periodic Function 
of the Atomic Weights, 

By Prof. Sir James Dewar, F.RS. 

(Eeceived May 29,— Eead June 19,— -Revised July 30, 1913.) 

A method of determining the specific heat of substances at low tempera- 
tures was described in a paper on " Studies with the Liquid Hydrogen and 
Air Calorimeter,"* also in the abstract of a lecture delivered at the Royal 
Institution entitled "Liquid Hydrogen Calorimetry,"f where the apparatus 
then used is illustrated. 

Continuing the use of the same method, but with some modification of the 
aj^paratus, the investigation has been extended to a large number of inorganic 
and organic bodies. In this later series of experiments, the measurements of 
the specific heats of materials by the liquid hydrogen calorimeter were made 
over a range of temperature from boiling nitrogen to boiling hydrogen, a fall 
of temperature of some 57° Abs. 

Weighed pieces of the material are cooled to the temperature of boiling 
nitrogen in a quartz cooling vessel of special design. By a simple mechanical 
device they are then released from this vessel, and drop into liquid hydrogen 
in the calorimeter below. The resulting volumes of hydrogen evaporated 
are measured. From this value and a knowledge of the latent heat of the 
liquid hydrogen and the mass of the substance, the specific heat is calculated 
as follows : — 

If V is volume of hydrogen at iST.T.P. evaporated by the fall of 1 grm. of 
the substance through T degrees above the temperature of boiling hydrogen, 
and s its specific heat, L being the volume of hydrogen evaporated by 
1 calorie, then 

Si. — — , I.e. S — rfrf" • 

The latent heat of liquid hydrogen is taken as 115 calories, and therefore 
L = 97*05 c.c. ; also in these experiments T is constant (57'^*5) therefore 

s = Yx 0-0001792. 

Thus the hydrogen volumes measured are reduced to Vat KT.P. and simply 
multiplied by the constant factor 0*0001792, thereby giving the specific heat. 

^ ' Roy. Soc. Proc.,' A, vol. 76, p. 325. 
t ^Roy. Inst. Proc.,' 1904, vol. 17, p. 581. 
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The following examples show the actual volumes of gas dealt with : — 

The observations were : hydrogen measured over water at 14P C, barometer 
771 mm. ; calorimeter alone 8 c.c. per minute. The hydrogen evolved by 
dropping any material into the calorimeter is all collected during about 
15 seconds. The volumes observed are corrected by 2 c.c. due to calorimeter 
alone. 

1 grm. Pb gave 168 c.c. 

Frozen drops of normal propyl alcohol : 0*234 grm. gave 219 c.c. ; 0*275 grm. 
gave 254 c.c. 

Frozen bullets of acetic acid: 0*352 grm., 282 c.c; 0*342 grm., 268 c.c. 

Frozen bullets of benzene: 0*273 grm., 188 c.c. 

Tabulated results (factor for correction of gas to IST.T.P., 0*9499) : — 



Substance. 


Hydrogen volumes 

at N.T.P. from 

1 gram. 


s. 


Apparent values. 


Lead 


159-6 
881-2 
869-6 
754 -4 
737-9 
648-5 


-0286 
-1536 
-1559 
-1352 
-1322 
-1161 


5 -92 Atomic specific heat, 

9 -47 Molecular „ 

9 -36 

8-12 

7 -44 

9 -07 


^-Propyl alcohol 
Acetic acid 


Benzene 





Applying the correction explained later on for heat absorbed in transit, 
when the neck of the calorimeter is not cooled with liquid air, the following 
are the mean results : — 



Substance. 


s. 


Eeal values. 


Lead 


-0240 
-1300 
-1123 
'0975 


4 -97 Atomic specific heat. 
7 -80 Molecular „ 
6-74 
7*62 


w-Propvl alcohol 


Acetic acid 


Benzene 





In my earlier paper* the value of the latent heat of hydrogen was taken 
as 122*92. Five observations were given varying +5 about this mean 
value. This was determined on the basis of 0*0291 being accepted as the 
mean specific heat of lead from 15° C. to 20*^ Abs. Several Willard Gibbs 
vapour pressure formulae, however, calculated from the vapour tensions of 
liquid hydrogen, give a mean value of 115 for the latent heat of hydrogen, so 
that the specific heat of lead over this range would seem to be 0*0272. 
Accepting the value of 115 for the latent heat of hydrogen, the resulting 

^ ' Roy. Soc. Proc.,' A, vol. 76, p. 325. 
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value of the specific heat of lead from 80° Abs. to 20° Abs. is now 0'02399, 
This is the mean value of a series of nearly 30 observations. The greatest 
variations from this mean value were 0*0247 and 0'0233, but the majority of 
the values varied to a much less extent. This is equivalent to an atomic 
specific heat of 4'965. It may be mentioned that a computation from 
ISTernst and Lindemann's*' real specific heats of lead within the same range of 
temperature gives the mean value 5'18. 

In the observations with the liquid air calorimeter the specific heats were 
<3alculated in each case by direct comparison with lead observed at the 
same time, as explained in the earlier papers. This is most convenient 
because liquid air varies in composition on standing, and therefore in the 
volume evaporated by unit amount of heat. 

Liqtdd Air Galorimdry, 

A few results obtained with the form of calorimeter used in 1904 with 
liquid air may be recorded. They were all reduced by comparison with 
lead done at the same time, using the value for the specific heat of lead 
given in the earlier paper, viz., 0*0290 from 195° Abs. to 85"^ Abs. and 
0-0295 from 15° C. to 85° Abs. 



Substance. 



s. 



Atomic lieats 

and molecular 

specific heats. 



1. From 195° Abs. to 85° Abs. 



Nickel carbonyl, M(C0)4 ... 

Iron carbonyl, Fe(C0)5 

Kickel 

Iron — 

Para-cyanogen, (ON) „ 

Silver cyanide 

Tantalum 



-1653 
-1488 
-0736 
-0727 
-1163 
-0680 
'0280 



Silver cyanide 
(CN)„ 



2. From 15° C. to 85° Abs. 

-0925 
-1788 



28-22 
29*17 

4-33 

4-06 

3 -02 X n 

5-07 



12-38 

(4 -65) „ 



The values of the molecular specific heat of carbonic oxide by difference 
are 5*97 from the nickel carbonyl, and 5*02 from the iron carbonyl. The 
relatively high values of the iron and nickel to that observed between 
80° Abs. and 20° Abs. are also noteworthy, viz., 4*06 and 4'33, compared to 
0-98 and 1*22. 

Some observations were done with liquid nitrogen instead of liquid 
hydrogen, under the same conditions, in the form of calorimeter now 

* ' Sitzungsber. d. Berl. Akad.,' 1911, p. 494. 
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described. They were reduced on the basis of the value 48*9 for the latent 
heat of nitrogen at its boiling point, as given by Fischer and Alt in 1902. 
The method of calculation was thus similar to that employed with liquid 
hydrogen. The values obtained, which are probably a little too high, were 
as follows : — 



Substance. 


5. 


Atomic heat. 


1. From 15° C. to 77*3° Abs. (B.P. of nitrogen). 


Lead 


-0300 


6-21 


Bismuth 


-0295 


6-14 


Thallium 


-0311 


6-36 


Aluminium 


-1737 


4-71 


Magnesium ......... 


"2068 


5-05 


2. From 195^Abs. to 77-3' (solid CO2 to liquid nitrogen). 


Mercury 


-0313 


6-26 


Bismuth 


-0291 


6*06 


Thallium '. 


'0308 


6-30 


Aluminium 


-1540 


4-17 


Magnesium ..,.......,,. ....... 


-1560 


3-78 



The liquid hydrogen calorimeter is a glass cylindrical bulb vacuum 
vessel A (fig. 1) of 50 c.c. capacity, silvered, with | cm. slit. The inner 
diameter is 3 cm. On to the neck, contracted to about 1*7 cm., is sealed 
a glass tube B of equal diameter and 38 cm. long. This projects about- 
8 cm. through the brass coned fitting cap F of an ordinary slit silvered. 
vacuum vessel in which it is supported. A side delivery tube, 1 cm. 
wide, provided with a stopcock D of 8 mm. bore, is sealed near the top 
of B. A short length of rubber tubing on the neck of F makes a 
gas-tight joint with B. To minimise splashing, and to reduce the impact 
of the falling pieces, a thin strip of german silver or lead E, bent out near 
the top into a shoulder about 1 cm. square, stands centrally in the calori- 
meter A. The strip is out from a thin tube of about the same diameter as 
the calorimeter neck. A short length of the tube is left above the shoulder, 
and supports the strip by fitting loosely into the neck of A. The 
shoulder is arranged just above the level of the liquid hydrogen in A, which 
is at least three-quarters full. Some such device is essential in the use of this 
form of the liquid hydrogen calorimeter. 

The calorimeter in its turn is immersed in liquid hydrogen in the sup- 
porting vacuum vessel C, the neck of the calorimeter being 8 to 10 cm. 
below the liquid hydrogen surface. This vacuum vessel is only slightly 
wider than the lower part of A, and is provided with a coned cap F,, 
whereby it is also supported and completely immersed in a wider vacuum 
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vessel G containing exhausted liquid air. G is also fitted with a brass 
coned cover, fitting vacuum-tight on to the cap F on C. Both caps are pierced 
by two thin tubes, one for fitting on to the filling syphons, the other, bent 
at right angles, serves for connecting to the exhaust in the case of the 
liquid air vessel, and in the case of the liquid hydrogen vessel to the 
stopcock leading the evaporating hydrogen through the upper part of the 
apparatus. 

This arrangement thus charged only needs a little liquid air sucked in 
every one and a-half hours. The liquid hydrogen vessel will not need 
replenishing for at least four hours. The level of the liquid hydrogen in 
the calorimeter does not fall 1 cm. in six hours with constant use. The 
bulk of the materials added roughly compensates for the volume of the 
liquid hydrogen evaporated. It is important that this level should not 
materially change, since, after striking the shoulder, bodies move more 
slowly, are deflected on to the cold wall, and low results are obtained due to 
longer cooling of the materials in the vapour before being immersed in the 
liquid hydrogen. 

The isolation of the calorimeter was such that less than 10 c.c. of hydrogen 
gas was evaporated from it per minute. The whole apparatus is supported 
between the cork-lined spring jaws mounted on a heavy metal base, on which 
the outer vacuum vessel rests. 

The cooling vessel H is connected by india-rubber tube to the top of the 
calorimeter. It consists of an ordinary cylindrical slit silvered vacuum 
vessel, 20 cm. long and 7 cm. wide, with a central axial open tube K sealed 
in below. This tube passes through the liquid in the vacuum vessel. It 
has the same diameter below as the neck tube of the calorimeter. Near 
the top of the central tube a side tube J, of about the same diameter, and 
some 3 cm. long, serves for the introduction of the weighed pieces of 
material, which are all cooled previously to the temperature of liquid 
air, and then fail on to a thin metal disc P fitting loosely the tube K, 
where they remain about 15 minutes. P is supported by being hinged to 
two thin ebonite rods, L and M, fixed to a brass fitting cemented on to 
the top. The rod L is not fixed directly to the disc but to a metal ring E. 
From the ring E two thin vertical steel wires are connected freely to two 
points on the circumference of the pan below. This rod and the attached 
ring can be given a vertical motion by a crank N in the top fitting, 
thereby tipping the pan and releasing the piece of material, which then falls 
freely down into the calorimeter. The level of the pan placed about H is 
approximately one-third the vertical height of the cooling vessel. Quartz 
was found to be safer than glass for the construction of this vessel. A high 
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vacuum was maintained by a cross-tube S, opening to the annular space^ 
filled with charcoal. 

At the temperature of boiling nitrogen, the convection currents in the 
central tube of such a vessel, when connected to the calorimeter below, 
have no serious effect on the temperature in the tube at a reasonable distance 
from the bottom, provided the central tube be not wide. The difference of 
temperature in the tube and in the surrounding liquid was found to be only 
0*5° when the tube was 1*5 cm. wide. With a larger pattern vessel the 
width of the central tube was increased to 2*2 cm., and even here the 
difference was under 3° at the level of the pan. These temperatures were 
measured by a small helium thermometer, consisting of a 4 c.c. bulb 
to which was sealed a small mercury manometer of fine capillary tubing. 
The thermometer was filled with pure helium to 273 mm. pressure at 0° C. 
The reading of the mercury manometer thus gives, with slight corrections 
previously determined, the absolute temperature. It is scarcely necessary to 
add that, by exhausting the liquid nitrogen, a lower initial temperature than 
78° Abs. can be secured. 

The hydrogen evaporating from the liquid in the vacuum vessel C, in 
which the calorimeter is. immersed, is employed in the interval of obser* 
vations to maintain a hydrogen atmosphere through the neck of the 
calorimeter and the connected measuring tubes. Eisk of solid air in the 
calorimeter neck is thus obviated. A simple arrangement of a three-way 
cock T, connected at the top of the brass fitting on the central tube of the 
cooling vessel, allows this to be manipulated. The hydrogen thus passes 
continually in at the tubular top of the fitting on the central tube of the 
cooling vessel, and out through the stopcock on the calorimeter neck, and 
through the cocks to the measuring vessels. When ah observation is to be 
made, the three-way cock is turned to allow the hydrogen current to 
escape to the laboratory, thereby closing off* the calorimeter, which now 
only connects to the collecting and measuring vessels V and W. 

V consists of a glass tube 8 cm. in diameter and 40 cm. long, open at the 
bottom and provided with a wide T-piece at the top. The tube is immersed 
to the neck in water in a glass cylinder, and is counterpoised by a weight 
and cord running over a pulley just above. It is thereby readily raised during 
the time gas is being evaporated from the calorimeter; this ensures that 
no back pressure is produced. One arm of the T-piece is open and connects 
to the stopcock D on the calorimeter neck ; the other is provided with 
another small stopcock and connects to a 200 c.c. gas burette W similarly 
immersed in water. This latter stopcock is closed during the collecting of 
the gas from a dropped piece of material. This being completed, the calori- 
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meter stopcock is closed while the evaporated hydrogen gas is measured by 
transference to the burette, the slight continual evaporation from the 
calorimeter meanwhile finding a vent through the three-way cock T at the 
top of the cooling vessel, which is now turned on. These arrangements are 
necessary to secure the minimum impediment to the evaporating hydrogen, 
which is usually evolved in less than 10 seconds, any temporary back 
pressure being fatal to concordant results. At least 15 seconds are allowed 
for collecting the gas given off, and even longer, in some cases, with badly 
conducting bodies. 

A slightly different form of calorimeter vacuum vessel was used on some 
occasions, but without modifying the results. Instead of the constriction at 
the top of A, a ground conical neck was used of the same diameter as the 
inner tube. This neck was fitted with a similar ground conical hollow 
tube sealed on to the tube B. Anhydrous glycerin was used to make the 
ground joint tight at the low temperatures. The wider neck in some ways 
.simplifies the preliminary manipulations, and allows a more efficient arrange- 
ment to be securely fixed for preventing splashing, and breaking the fall of the 
bodies dropped into the calorimeter. The arrangement is shown in the side 
sketch B. It consists of a light counterpoised trap door hinged at the lower 
end of a conical brass or german silver tube, supported in and fitting to the 
inner tube of the calorimeter. A small lead ball on a wire soldered to the 
trap door keeps this closed until struck by a falling sphere, while shutting 
it again immediately after its passage. The conical tube above the trap 
door is pierced with several small holes to leave a free passage for the 
•evaporating hydrogen. The addition of a gauze filter to intercept spray was 
found to be impracticable, the resistance introduced causing back pressure. 

As far as possible the materials used were cast in the forms of spheres 
about 8 mm. diameter, and for this purpose the use of an ordinary bullet 
mould was found convenient. In the case of liquid bodies, the mould was first 
cooled by liquid air. Frequently liquids were frozen into solid cylinders in 
thin glass tubing, and pieces cut off after removing the glass mould. The 
metallic materials were in some cases fused into buttons of convenient 
weight in an exhausted quartz tube. The lead, however, of which many 
pieces were required, was cut from rod, and subsequently squeezed in a small 
spherical mould. 

Volatile bodies were weighed at a low temperature on a light german 
silver pan supported by a thin platinum wire suspension from the balance 
pan about 2 cm. above the level of liquid air contained in a wide deep 
vacuum vessel. Some materials would not make coherent bullets or cast 
.sticks. These were filled into very thin walled cylindrical metal capsules 
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of equal weight, so that a preliminary determination of the volume of 
hydrogen evaporated by the metal of the capsule gave the correction. They 
were then cooled on an aluminium dish floating on liquid air, filled with the 
fluid, and weighed separately. Materials which could not be fused were 
compressed hydraulically into small blocks and cut up into pieces of suitable 
dimensions. 

At least three pieces of every substance were dropped. The results 
rarely varied among themselves by more than 2 to 3 per cent. Very 
frequently the agreement was within 1 per cent. In order to ensure good 
results, uniformity of shape and size in the pieces of material used is 
desirable, so that the manner of release and fall shall be comparable : because 
in the use of this instrument the materials have to pass through a region 
of the neck, between the cooling vessel and the calorimeter, where a con- 
siderable gradient of temperature exists. It is necessary that, as far as 
possible, the bodies used shall be subjected to this variable region in the 
same manner, so that the amount of heat absorbed in transit shall be 
nearly the same. This value was determined in the following manner. The 
warm portion of the calorimeter neck between the cooling vessel above and the 
vacuum vessels below was cooled by being surrounded with liquid air placed in 
a simple temporary fitting. Observations with various kinds of bodies were then 
made. The comparison of the reduced volumes now obtained with the values 
given by the ordinary use of this particular form of the instrument gives the 
correction factor. Many confirmations of the specific heats were made with 
this addition to the instrument. In the latest form of the calorimeter the 
neck is always su.rrounded with liquid nitrogen, thus abolishing all heat 
correction. This improved calorimeter gives results differing but slightly from 
the corrected values of the old instrument. The value of the atomic heat of 
lead is determined before and after any series of experiments as a check 
on the constancy of the instrument. 

The values of the specific heats given will include- any heat of trans- 
formation of glassy or crystalline modifications or other comparable change 
produced by the cooling to 20° Abs. Another effect is produced by some 
materials when used in the form of hydraulically compressed blocks. Such 
as are porous exhibit in varying degrees the phenomenon of heat evolution 
due to liquid hydrogen passing into the capillary spaces, thereby rendering the 
observed specific heat too great unless the proper correction is made. Any 
air occluded during the preliminary cooling of the porous material to liquid 
air temperature before being introduced to the hydrogen calorimeter is also 
included. Some of this air would be replaced by hydrogen through diffusion 
while in the hydrogen atmosphere in the central tube of the cooling vessel 



Boiling Points of Liquid Nitrogen and Hydrogen. 167 

of boiling nitrogen ; but the true remedy is the preliminary cooling of such 
porous bodies in a hydrogen atmosphere to the temperature of liquid air. 
That heat evolution continued in many cases for some time after the dropping 
of the material was shown by an increased rate of evolution of hydrogen 
from the calorimeter. As stated above, this is normally less than 10 c.c. 
per minute. In some instances the introduction of porous material increased 
this for some time to more than 30 c.c. per minute. 

The values set out in Table I for the mean atomic specific heats of 
53 elements at about 50° Abs. represent the results of some 200 calorimetric 
observations. When plotted in terms of their atomic weights, they 
reveal definitely a periodic variation resembling generally the well-known 
Lothar Meyer atomic volume curve for the solid state. The relation 
between the two curves is shown in fig. 2. If experiments were similarly 
made between the boiling points of hydrogen and helium then in all 
probability the atomic specific heats would be all very small and nearly 
constant. 

Until more accurate values of the atomic heats have been reached, by the 
use of purer samples of the elements and the latest form of this calorimeter, 
it will be advisable to delay theoretical discussion. 

The second part of this paper will contain the molecular specific heats of a 
series of inorganic compounds ; while a third part will include similar values 
derived from the examination of types of organic bodies. 
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Element. 


Atomic weight. 


Specific heat. 


Atomic heat. 


LitMum ... .................... 


7-03 


-1924 


1*35 


Gluciniim. 


9-1 


-0137 


0*125 


Boron 


11-0 


-0212 


0*24 


Carbon (Acheson graphite) ... 


12-0 


-0137 


0*16 


Diamond 


12-0 


-0028 


0-03 


Sodium 


28-0 


-1519 


3*50 


Magnesium 


24-4 


-0713 


1*74 


Alumininm ,.. 


27-1 


-0413 


1*12 


Silicon, fused, elee. erne, ...... 


28-4 


-0303 


0*86 


„ crystallised,.,.....,...... 


28-4 


-0803 


0*77 


Phospliortis (yellow) ............ 


31-0 


-0774 


2*40 


„ (red) ............... 


31-0 


-0431 


1-34 


SnlplniT 


82 


-0646 


1*76 


Chlorine 


35-46 


-0967 


3-43 


Potassium. 


89 '15 


'1280 


5*01 


Calcium 


40-1 


-0714 


2*86 


Titanium 


48-1 


*0205 


0*99 


Chromium 


52-1 


*0142 


0*70 


Manganese 


55 


-0229 


1*26 


Iron 


55-9 


*0175 


0*98 


Nickel 


58*7 


0*0208 


1*22 


Cobalt 


59-0 


-0207 


1*22 


Copper 


63-6 


*0245 


1*56 


Zinc 


65-4 


-0384 


2-52 


Arsenic 


75-0 


-0258 


1*94 


Selenium ........................... 


79-2 


-0361 


2-86 


Bromine ........................... 


79-96 


-0453 


3-62 


Rubidium............................ 


85-1 


*0711 


6*05 


Strontium, impure 


87-6 


-0550 


4*82 


Zirconium. 


90-6 


0*0262 


2*38 


Molybdenum 


96-0 


*0141 


1*36 


Euthenium 


101-7 


0*0109 


1*11 


Rhodium 


103 -0 


-0134 


1-38 


Palladium . , 


106 -5 


-0190 


2-03 


Silver 


107 -93 


-0242 


2-62 


Cadmium 


112*4 


-0308 


3*46 


Tin 


119 


-0286 


3*41 


Antimony 


120*2 


-0240 


2*89 


Iodine 


126 -97 


-0361 


4*59 


Tellurium 


127-6 


-0288 


3-68 


Caesium 


132-9 


*0513 


6-82 


Barium, impure 


137-4 


-0350 


4*80 


Lanthanum 


188 -9 


-0322 


4*60 


Cerium 


140 -25 


*0330 


4-64 


" Bidymium " ..................... 


142 


-0326 


4*63 


Tungsten 


184 


-0095 


1*76 


Osmium 


191-0 


0*0078 


,. 1 -49 


Iridium , 


193-0 


-0099 


1-92 


Platinum 


194-8 


*0135 


2*63 


Gold 


197*2 


-0160 


3-16 


Mercury 


200 


-0232 


4-65 


Thallium 


204*1 


-0235 


4-80 


Lead 


207 


-0240 


4*96 


Bismuth ........................... 


208 


-0218 


4*54 


Thorium ........................... 


232*5 


-0197 


4*58 


Uranium .......................... 


238*5 


-0138 


3*30 
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During the course of this laborious work Mr. W. J. Green, B.Sc, of the 
Davy-Faraday Laboratory, has rendered most efficient aid. 



